ABSTRACT: High-resolution electron energy loss spectroscopy (HREELS) is applied to study film surfaces of two silicon-based polymers having methyl and/or phenyl rings as pendant groups: poly(diphenylsiloxane) and poly(methylphenylsilane). These spectra are compared with those obtained by infrared absorption, Raman scattering, and UV/vis absorption spectroscopy for the polymer bulk. Both vibrational and electronic spectra of these two polymers exhibit common features corresponding to the phenyl pendant group excitations. Positions of peaks appearing in HREELS vibrational spectra correspond well to infraredand Raman-active modes of the polymer bulk. Electronic losses also correspond to the electronic excited states of phenyl groups cited in the literature. Differences related to secondary emission and accumulation of relaxed electrons are assigned to the electronic structure of the film. The absence of a loss corresponding to the excitation of polysilane chain is related to a trapping mechanism.
Introduction
Inorganic-organic polymers (often called "inorganic polymers"), and particularly those containing silicon atoms in the backbone, constitute a field of great innovation in technological applications. 1 With the exception of polysiloxanes, where fundamental studies and applications are quite advanced, 2 most other inorganic polymers, and especially polysilanes, are objects of intense investigation. 3 However, as far as film and surface characterization is concerned, no information is available in the literature. Polysilanes and polysiloxanes are chainlike polymers with silicon backbone and organic substituent groups. They can therefore combine the advantages of organic polymers with those of inorganic solidsseasy and cheap fabrication, mechanical strength, flexibility, and mostly resistant to corrosion and fire. 2b Polysilanes are particularly interesting due to their σ delocalized electrons along the silicon backbone giving them semiconducting properties, 4 similar to conjugated organic polymers, where a π electron delocalization exists. These polymers are expected to have multiple potential applications as photoresists, 5, 6 electron conductive circuits, 7, 8 or even electroluminescent devices. 9 They also possess very interesting mechanical properties. 10 In the past years, we have improved a method for investigating vibrational and electronic excitations in polymer surfaces by using high-resolution electron energy loss spectroscopy (HREELS) both qualitatively and quantitatively. [11] [12] [13] [14] HREELS is an adequate method for characterizing polymer surfaces 15 as the vibrational modes of the chemical bonds present in this region of the film can be identified. Moreover, vibrational spectra induced by low-energy electrons can provide detailed information about the chemical composition or the orientation of molecules in the surface region depending on the electron mechanism involved: impact or dipolar. On the other hand, electronic excitations can also be detected by extending the spectral energy loss domain. They are mainly induced by an impact mechanism, where incident and valence electron exchange can occur. This exchange gives rise to features existing in UV/vis absorption spectra but even to those forbidden in optical spectroscopy by reasons of symmetry or spin conservation.
Vibrational and electronic state excitations of different polymer film surfaces using HREELS have been studied. Among them, polyethylene 16 and polystyrene (PS) film surfaces were extensively analyzed using lowenergy electrons. 17, 18 This method is here extended to the study of films of poly(diphenylsiloxane) (PDPS) and poly(methylphenylsilane) (PMPS), two polymers belonging to the family of inorganic polymers with chemical structures -(O-Si(Ph) 2 -) n for PDPS and -(Si(Ph)-(CH 3 )-) n for PMPS, respectively, where Ph is a phenyl group. Both possess alkyl and/or phenyl functions as pendant groups. Vibrational and electronic spectra of these inorganic polymers should then present many similarities with those of the organic polymers cited above.
Most of the bands in HREELS spectra of PDPS and PMPS corresponding to electronic excitations are then expected to appear in the same domain as those observed in polystyrene due to the excitation of the pendant phenyl groups. Moreover, the σ delocalization in the polysilane backbone also has an important consequence: the σ* r σ transition occurs at a much lower excitation energy than the corresponding transition in polystyrene or in PDPS. The electronic structure of PMPS was already studied by one-photon and twophoton absorption spectroscopy as well as by electroabsorption by Kepler et al. 19 Absorption spectra reveal an excitation to a singlet state beginning around E g ) 3.5 eV, which also appears in electroabsorption and depends on the chain conformation. On the other hand, two-photon absorption spectra show an alternating gap, E a ) 4.3-4.6 eV, assigned to the second 1 A g excitation. The same authors also performed calculations using a Pariser-Parr-Pople (PPP) model and estimated the first triplet at 3.1 eV. Furthermore, photoluminescence studies display a broad emission centered at 2.34 eV (530 nm) assigned to a π* f σ transition, 20 i.e., to the formation of a charge transfer state. For PDPS, an emission located in the same spectral range was detected but could not be assigned. 21 In this study, PDPS and PMPS film surfaces were studied by HREELS in a spectral domain containing vibrational and electronic losses. Because of the different mechanisms governing the interaction between slow electrons and surfaces, 22 selection rules are less restrictive. Therefore, transitions corresponding to infraredand Raman-active modes appear in vibrational HREELS spectra. Similarly, in electronic spectra, in addition to optically allowed transitions, forbidden transitions for symmetry or spin conservation rules are also expected to be observed. 17, 23 
Experimental Section
Polymer films were cast from 1 × 10 -3 g/L carbon tetrachloride (Chromanorm, Prolabo) solutions on sputtered platinum layers 100 nm thick on glass substrates. PDPS was purchased from ABCR United Chemical Technologies Inc. The weight-average molar mass ranges from 1000 to 1400 g mol -1 . The chains are terminated by Si-OH groups. PMPS was synthesized by NTT Basic Research Laboratories (Atsugi, Japan). The weight-average molar mass is 15 331 g mol -1 , and the polydispersity is 1.85. Terminal groups are unknown, but their relative importance is much smaller than in PDPS given the much higher molar mass. Compared to polystyrene films cast under the same conditions, the thickness is expected to be of the order of some tens of nanometers.
Infrared spectra of thin films of both polymers deposited on a silicon wafer were recorded using a Fourier transform infrared spectrometer (Magna-IR Nicolet 850) equipped with a MCT detector. The spectral domain extends from 650 to 4000 cm -1 and a resolution of 4 cm -1 . Raman spectra were recorded with an XY-Dilor fitted with a CCD detector cooled with liquid nitrogen. Optical electronic spectra of films of polymers deposited on quartz substrates were acquired with a Cary 3 UV/vis spectrophotometer in a spectral range from 200 to 800 nm.
HREELS vibrational spectra were recorded with an ELS22 Leybold-Heraeus spectrometer and HREELS electronic spectra with a Kesmodel 2000R. Both spectrometers were run under ultrahigh-vacuum conditions (P < 10 -9 mbar). Incidence and analysis angles were measured relative to the normal to the surface. No charge compensation was needed, as films kept a stationary charge at the surface during the experiment as proved by the constancy of complete spectra cutoff position.
Results and Discussion
Vibrational Losses. In parts a and b of Figure 1 , Raman, infrared (IR), and HREELS vibrational spectra for PMPS and PDPS films, respectively, are presented.
Main contributions to losses of HREELS spectra are presented in Table 1 .
Assignments of energy losses are proposed by comparison with the corresponding infrared and Raman spectra of both polymers and according to the data published in the literature. 24, 25 In fact, main features appearing in HREELS spectra are composed by those found in the IR and Raman spectra of both polymers. This is a general observation in HREELS spectra of different polymer surfaces. 26, 27 As referred to above, electron energy losses are caused by two main mechanisms of interaction: dipole and impact. 22 Due to the short interaction range in the impact mechanismsa few angstroms vs some tens of angstroms in the dipolar onesanalyzed electrons are scattered by the outermost groups exposed at the polymer-vacuum interface. The sensitivity of HREELS experiment to the polymer surface is consequently referred to the extreme surface of the film, which makes of this technique as a unique tool to analyze the surface region of molecular layers. 28 For monomolecular layers of small molecules deposited on well-defined metal surfaces, the traditional way to distinguish each mechanism is realized by the geometrical analysis of the different losses: dipole losses being detected in the neighborhood of the specular direction and impact losses presenting an isotropic distribution. In the case of polymer films presented here, a few hundred angstroms thick, dipolar narrow lobes of backscattered electrons do not exist, and consequently, the distinction between mechanisms is not possible by using them. Another way to identify the mechanism consists of studying the variation of the loss intensity vs the incident electron energy, E p . In fact, differential cross sections are proportional to I exc /I elast , where I exc and I elast are the loss and the elastic peak intensities, respectively. For adsorbate on clean surfaces, dipole mechanism differential cross sections follow a decreasing power law E -R (with 0.5 e R e 1); contrarily, impact mechanism cross sections follow an increasing power law with E p (with 0.5 e R e 1). 22 In the case of polymer surfaces, a power law related with E p is also obtained, I exc /I elast ∝ E p R , but the R value varies between -1 and 1 depending on the ratio of dipolar/ impact mechanisms and the thickness of the analyzed layer. 17 Since cross-section variation laws with the incident electron energy are different for each vibration mode, the relative intensity of each excitation is expected to change from spectrum to spectrum as E p varies. This can be observed in Figure 2a ,b, where two sets of HREELS vibrational spectra of PMPS and PDPS films are presented for increasing E p . These spectra were recorded in specular geometry for incidence and analysis angles of 60°relative to the surface.
This means that for lower E p losses associated with strong dipole transition moments (for instance, aromatic CH out-of-plane deformation modes) are quite intense and decrease with E p , whereas losses associated with impact mechanisms have low intensity and increase with E p . One can easily notice that the intensity of most peaks increases with incident electron energy, which reveals that impact mechanisms are mainly associated with these vibrational excitations. Solely for losses assigned to the aromatic C-H out-of-plane deformation in polysilane spectra (Figure 2a ), a dipolar mechanism behavior could be detected as the peak intensity decreases with the E p .
Regarding the chain vibrations, PMPS has stretching and deformation modes of the silicon backbone Si-SiSi expected below 700 cm -1 . 29 Stretching Si-Si modes appear in Raman spectra around 420 cm -1 , and they are visible in HREELS spectra as a shoulder in the elastic peak decay. Losses corresponding to siloxane chain deformation and stretching modes of Si-O appear in HREELS spectra of PDPS (Figure 2b ) around 500 and 1080 cm -1 , respectively.
Despite the sensivity of HREELS to detect chain end segregation effects at the surface of the film, 13,30 the presence of Si-OH chain end groups in PDPS surface is not easily detected as the energy loss corresponding to the Si-OH stretching mode at 3730 cm -1 falls in a spectral region strongly dominated by multiple scattering bands.
Electronic Excitations. In Figure 3 , UV/vis photon absorption spectra are presented for the PMPS and PDPS films.
The PMPS film UV/vis absorption spectrum presents (i) an absorption band A with a threshold at 3.45 eV, which is generally assigned to the σ* r σ transition cited above; 31 (ii) a second feature (band B) centered around 4.4 eV, which can be partially assigned to the first singlet π* r π transition of the benzene rings; and (iii) a feature C with a threshold around 5 eV and corresponding to higher transitions of the benzene ring. 17 For poly(diphenylsiloxane) films, only absorption bands B and C of phenyl pendant group excitations are observed.
In HREELS spectra, in addition to the relaxation of incident electrons by vibrational losses studied in the previous subsection, when the incident electron energy, E p , is such that electronic gap > E p > threshold, incident electrons relax by exciting available vibrational and electronic transitions.
When E p > electronic gap, besides vibrational and electronic transitions, incident electrons lose energy by ionizing the medium yielding secondary electron emission. Consequently, HREELS spectra are composed by vibrational losses, electronic losses, and secondary electron emission.
To have a general overview of these results, HREELS spectra of PMPS and PDPS films are presented in Figure 4 . These spectra were recorded using increasing primary energies in off-specular geometrical conditions, where the observation of impact regime is favored.
HREELS spectra of both polymers present common features corresponding to energy losses giving rise to the excitation of the phenyl group electronic (triplet and singlet) states, already detected in HREELS spectra of polystyrene surfaces. 17 Main losses are summarized in Table 2 .
For both polymers studied here, a modification of the energy levels of the pendant group delocalized π electrons could be expected due to bonding with silicon atoms. For poly(arylmethylsilanes), calculated energy band structure exhibits a characteristic band-edge structure due to σ-π mixing between the silicon skeleton and phenyl side chains. 32 In HREELS spectra, one can observe that the position of features assignable to triplet and singlet π* r π transitions in both PDPS and PMPS are, within the energy accuracy, in the same energy loss as those found for polystyrene spectra. 17 In fact, HREELS electronic spectra for PDPS show a lower threshold than those found in the UV/vis spectra due to electron ability to excite the triplet π* r π transition, forbidden in optical spectroscopy for spin conservation reasons. In the case of PMPS, this band is situated near the expected σ* r σ excitation. However, in HREELS spectra of PMPS, the relative intensity of the first and second losses (centered around 3.9 and 4.7 eV, respectively) and that of the same losses in spectra of poly-(diphenylsiloxane) are roughly the same. All these observations lead to a unique conclusion, that the σ* r . HREELS electronic spectra recorded for incidence and analysis angle of 60°and 30°using electron primary energies ranging from 3 to 11 eV (increasing from bottom to the top by steps of 1 eV) for (a) a PMPS film and (b) a PDPS film. Spectra were offset for clarity of presentation. Vertical lines correspond to values to values of electronic excitations found for polystyrene surfaces (see Table 2 ). σ transition (band A) cited above either is not excited by electrons or is excited much less efficiently than the triplet states of benzene. These observations are quite unexpected but seem to be supported by other experimental results, which refer a strong trapping effect of the injected electrons in the conduction band of polysilanes. 33 These results can be explained by a strong impact mechanism involved in the electronic excitations of the polymer. This short-range mechanism is characterized by interaction lengths of the order of a few angstroms. As an important fraction of the electron energy is involved in this process, pendant groups can constitute an efficient shielding of the chain, reducing the differential cross section of the chain excitation significantly. On the other hand, even if the electron can get an intimate contact with the chain, the strong trapping effect mentioned by Kumagai et al. 33 should prevent the electron from being ejected and thence detected in the spectrum. Consequently, no losses relative to these excitations would be found in HREELS spectra.
Complete HREELS spectra of PDPS film present an isolated peak located at spectrum cutoff, always appearing at constant kinetic energy and having a slowly increasing intensity with incident electron energy, E p . In contrast, ends of PMPS spectra are formed by secondary electrons emitted with a low kinetic energy, which overlap with losses corresponding to electronic transitions of the pendant groups.
We assign these differences to the structure of the polymer electronic band. In fact, the semiconducting property of PMPS with an electronic gap of about 3.5 eV (as observed in UV/vis absorption) is essentially due to the electronic structure of its backbone. Moreover, the existence of a narrow gap enables the appearance of secondary electron emission at lower E p . Instead, the Si-O backbone confers insulating properties to PDPS as can be observed in the optical absorption spectrum, where the first excitations are those of the benzene groups appearing around 5 eV. Moreover, the large gap of PDPS makes that secondary electron emission threshold arises in HREELS spectra for higher E p (see Figure  4 ). The existence of isolated peak appearing for all E p at the cutoff energy can be associated with a very high position of the conduction band bottom (above the vacuum level), which makes the electron affinity of the surface negative. This behavior was already observed and explained for a saturated hydrocarbon film surface. 16 Losses and end of spectrum structures may be very sensitive to the geometrical arrangements in the HREELS experiment if the system has some degree of order. 16 However, since film structures were not studied by other means, no angular analysis of electronic losses or end of spectra will be presented here.
Relative Intensities as a Function of Electron Primary Energy. The relative intensity of losses as a function of the incident electron energy, E p , is a useful tool for the comprehension of the interaction mechanism between the electron and the surface, 22,23 as already seen above for vibrational excitations. For electronic losses, differential cross sections usually exhibit a typical behavior of a resonance mechanism. 17 For the films studied here, differential cross sections as a function of E p are displayed for a vibrational loss (the aromatic CH stretching, at 3050 cm -1 ) and an electronic excitation loss (at 4.7 eV) in parts a and b of Figure 5 , respectively.
Measurements with the same degree of accuracy present roughly the same behavior for both films. However, the estimated differential cross sections obtained with the PDPS film vs E p display a greater dispersion of values than those of PMPS film, for both vibrational and electronic losses. This effect is observed for all other excitations. We assign this behavior to the fact that PDPS film is more insulating than PMPS film. Indeed, the consequently more difficult evacuation of the incoming electrons at the PDPS film favors the dispersion of differential cross section of the electron interaction process as the surface potential is more unstable.
Despite the lack of losses associated with the σ* r σ transitions, HREELS spectra of PMPS evidence this transition when compared to PDPS: (i) secondary electron emission observed at lower primary energy, indicating a lower gap value; (ii) less dispersed values obtained for differential cross sections vs E p (cf. Figure  5 ), which can also be related to the semiconducting character and a better conductivity of the PMPS film.
The absence of an electron energy loss corresponding to the silicon backbone σ* r σ can also be explained by a trapping process or by a screening effect of the pendant groups. Curiously, losses due to the vibrational transitions of the polysilane chain are detected. This observation makes the trapping effect more conceivable than the screening effect. In fact, electronic excitations, compared to vibrational ones, imply a higher energy loss and lower kinetic energy for the outgoing electron. Consequently, electrons producing vibrational excitations escape more easily from the trapping than those exciting electronic ones.
Nevertheless, direct observation of Si-Si backbone transitions needs to be performed with polysilane films possessing less voluminous pendant groups. This work is in progress.
Conclusions
Both vibrational and electronic spectra of PMPS and PDPS exhibit common features corresponding to the excitation induced in phenyl pendant groups. In the case of vibrational spectra, IR-and/or Raman-active modes of the pendant groups and those of the corresponding chains are excited. In the electronic part of the spectra, electronic excitations of the phenyl groups are detected. However, in the case of PMPS, the expected energy loss corresponding to the excitation of the σ* r σ, characteristic of UV/vis spectrum, is not observed. This result is explained here by a screening effect of the pendant groups.
Ends of complete HREELS spectra, corresponding to secondary electrons and/or thermal electrons, are very different for the two inorganic polymers. This may be due to the different electronic band structure of the films, namely, which concerns the gap and the electron affinity values.
HREELS relative intensities, proportional to the corresponding cross sections of electronic losses, as a function of the incident electron energy present roughly the same behavior for both polymers, typical of a resonance mechanism. However, PDPS film presents a greater dispersion of cross-section values. This was tentatively explained by the higher insulating character of the polymer inducing a slight instability of the electrical potential of the film surface.
